Sexual crosses were used to determine the genetic basis of resistance to the sterol 14 ␣-demethylase inhibitor fungicide prochloraz in the cereal eyespot pathogen Tapesia yallundae. an even number of sensitive and resistant progeny. This indicated the segregation of a single major gene for resistance in each cross, which was confirmed by the use of backcrosses, crosses between F 1 progeny, and control crosses between sensitive parents. However, there was also evidence of additional quantitative genetic components responsible for the increased IG 50 s of the more resistant isolates. A further cross was made between isolate PR11 and an F 1 progeny arising from isolate 11-3-18, and this also yielded progeny which were entirely prochloraz resistant. This suggested that resistance genes were allelic in these two isolates, with resistance conferred by a gene at the same locus (or closely linked loci), despite the fact that the isolates (PR11 and 11-3-18) originated from different continents.
A major reason for the continued success of agricultural production in the developed world has been the availability of chemicals to control pests and diseases in crops. Of these, the sterol 14 ␣-demethylase inhibitor (DMI) fungicides represent the largest and most important group of modern antifungal compounds, possessing excellent protectant, curative, and eradicant properties against a wide range of fungal species (35) . Most DMI fungicides are derivatives of imidazoles or triazoles and have remained highly effective in most field applications despite many years of intense agricultural use and their singlesite mode of action. However, decreased sensitivity and field resistance to certain DMIs has been reported in at least 13 species of plant pathogen (10) .
The imidazole prochloraz (1-{N-propyl-N-[2-(2,4,6-trichlorophenoxy)ethyl]carbamoyl}-imidazole; trade name, Sportak) was launched in 1977 and has since been registered for use on more than 30 different crops in 50 countries worldwide (37; Prochloraz-technical information, Hoechst Schering AgrEvo GmbH, Berlin, Germany, 1995). It has a broad spectrum of activity against several diseases of cereal, orchard, and horticultural crops (2; Prochloraz-technical information, Hoechst Schering AgrEvo GmbH, 1995). As a foliar treatment, prochloraz is active against a wide range of stem, leaf, and ear diseases of cereals and can therefore be used in situations where several diseases affecting different plant parts are present simultaneously (37) . While it has been possible to produce mutants in vitro with increased resistance to prochloraz, resistance has rarely developed in field populations (17, 23, 33, 35) . Indeed, prochloraz has remained effective in situations where a decline in sensitivity to related DMI fungicides has been reported (26) . However, in recent years isolates of Tapesia yallundae and Tapesia acuformis (anamorph Pseudocercosporella herpotrichoides), causal agents of eyespot disease of cereals (14, 31) , with significantly increased levels of resistance to prochloraz have been obtained from field locations in northwestern France and New Zealand (30; P. S. Dyer and R. E. Bradshaw, unpublished data), providing the first indication of a potential reduction in efficacy of control of eyespot disease by DMI fungicides. It also provides a possible model for development of prochloraz resistance, given that it is the properties of the chemical, rather than the target organism, which are thought to determine the nature of the resistance response (18) .
A major factor determining the resistance risk of a particular fungicide is the genetic basis of resistance to the compound. An abrupt loss of effectiveness is more likely where resistance is conferred by mutation of a single major gene, as seen in the rapid development of resistance to benzimidazoles in populations of plant pathogenic fungi (29, 35) . A synergistic interaction of two resistance genes may also lead to the appearance of field resistance (32) . In contrast, a gradual directional shift in sensitivity in populations is likely when resistance is under polygenic control (18, 35) . Various studies have been made to determine the genetic control of resistance to DMI fungicides. These studies have provided evidence of resistance conferred either by single major genes, the interaction of many additive genes, or a combination of both mechanisms, although the effect on fitness has not been determined in all cases (10, 34) .
The objective of the present study was to determine the genetic basis of resistance to prochloraz in field isolates of T. yallundae, to assess whether resistance is primarily mono-or polygenic in nature. This analysis is now possible because techniques have been devised to allow in vitro sexual crossing of T. yallundae, and recombination of genetic markers using these techniques has demonstrated the presence of a two-allele heterothallic mating system (15) .
MATERIALS AND METHODS
Fungal isolates and maintenance. Field isolates of T. yallundae that had previously been identified as exhibiting different levels of fungicide resistance were selected (Table 1) . Isolates were classified using symbols equivalent to those used for benomyl resistance to designate sensitivity or different levels of resistance to prochloraz (27) . Isolates 22-432 and 22-433 (origin, United Kingdom) were sensitive to prochloraz (Prc-S) i.e., the concentration required to inhibit growth by 50% (IG 50 ) was Ͻ0.05 mg/liter, while isolates PR11, PR1 (origin, North France), and 11-3-18 (origin, New Zealand) showed increasing levels of resistance to prochloraz. The latter isolates were respectively considered to have low resistance (IG 50 range, 0.2 to 0.6 mg/liter), medium resistance (IG 50 range, 0.7 to 1.5 mg/liter), and high resistance (IG 50 range, 1.6 to 5.0 mg/liter) to prochloraz (Prc-LR, Prc-MR, and Prc-HR, respectively). Stock cultures were grown at 15°C on 1.5% tap water agar under white light for 8 weeks before storage at 4°C.
Experimental design and crossing of isolates of T. yallundae. Two main patterns of inheritance of fungicide resistance in this haploid organism were envisaged, depending on the genetic nature of resistance (18, 34) . If a single, major gene for resistance were present, then progeny from a cross between a resistant and a sensitive isolate would be predicted to segregate in equal numbers between resistance and susceptibility, with a bimodal distribution (Fig. 1A) . In contrast, if resistance were polygenic in nature, arising from a series of individual genes at different loci, each with a small effect on resistance, then progeny from a cross between a resistant and a sensitive isolate would be predicted to show a continuous distribution between sensitivity and resistance, depending on the number of resistance genes present (Fig. 1B) . Other patterns of inheritance of fungicide resistance are also possible, e.g., a 3:1 ratio arising from the synergistic action of two genes required for resistance or a skewed distribution as a result of the presence of a major gene with additional genetic loci (see Results). Three sexual crosses were therefore established between field isolates of opposite mating types exhibiting sensitivity or resistance to prochloraz (Table 2 , crosses A, B, and C), and the fungicide sensitivities of approximately 100 progeny from these crosses were assayed in order to determine the pattern of inheritance of resistance. Crosses were made on winter barley straw, and progeny were recovered from apothecia by isolation of single ascospores on tap water agar plates as previously described (15) . Recombination was confirmed in representative progeny by using randomly amplified polymorphic DNA molecular markers (15; H. M. Wood, unpublished data). Where relevant, backcrosses or crosses between sibling F 1 progeny were performed to substantiate patterns of inheritance of fungicide resistance (see Results). Finally, a control cross was established between the sensitive parental strains 22-432 and 22-433 (both Prc-S) to ensure that no resistance to prochloraz arose as a result of the sexual cycle.
Fungicide testing. Progeny and parents from crosses between strains sensitive to prochloraz and strains resistant to prochloraz were assayed on growth media amended with either 0.05, 0.15, 0.5, 1.0, 2.0 or 5.0 mg of prochloraz per liter, by inoculating plates with three replicate hyphal plugs (13) . Values for the percent growth inhibition relative to that observed on unamended control plates were plotted graphically, and IG 50 s were derived from best-fit line equations. Variance testing of replicates (34) was not feasible due to the large numbers of plates required. Segregation data was then analyzed using 2 tests, and where appropriate a measure of skew was determined for resistant progeny using the program Microsoft Excel 98 (8) . Graphs of progeny distribution were plotted on axis scales appropriate to the IG 50 range.
RESULTS
Inheritance of prochloraz resistance in crosses between sensitive and resistant field isolates. Three crosses between sensitive and resistant parental strains were initially set up. Analysis of individual progeny from a cross between 22-433 (Prc-S) and PR11 (Prc-LR) (designated cross A, with progeny identified by a subsequent serial number, e.g., F 1 progeny A51) revealed a clear bimodal distribution ( Fig. 2A; Table 2 ), indicative of a single major gene for resistance in PR11 (7, 18) . Analysis of progeny arising from a cross between the same sensitive parent, 22-433, and PR1 (Prc-MR) (designated cross B) also revealed the presence of sensitive and resistant phenotypes in approximately equal proportions (Fig. 3A) . However, the resistant progeny exhibited a positively skewed distribution (Table 2) . Similar results were obtained in an analysis of progeny arising from a cross between 22-432 (Prc-S) and 11-3-18 (Prc-HR) (designated cross C). Sensitive and resistant phenotypes were present in approximately equal proportions (Fig. 4A) , with the resistant progeny again exhibiting a positively skewed distribution (Table 2) .
Experimental hypothesis. The patterns of inheritance suggested the segregation of one major gene for resistance in each of the crosses, given the bimodal distribution with equal numbers of sensitive and resistant progeny, as seen particularly clearly with cross A. However, the skewed distribution of resistant progeny with crosses B and C suggested the presence of additional genetic components in parental isolates PR1 and 11-3-18, which were responsible for the long tails observed in the progeny distribution. These additional genetic components appeared to confer increased resistance to prochloraz but were only able to exert an effect if the single major gene for resistance was already present, i.e., the presence of these extra genetic components alone would not result in an increased IG 50 , but in the presence of the major resistance gene they appeared to confer a slight increase in resistance. The effect of the extra genetic components appeared to be mainly additive in nature, resulting in an increase in resistance level, as isolates for which the IG 50 s were notably below those of the most sen- sitive parent were not detected. Further crosses were then set up to test the hypothesis that resistance was conferred by a single, major gene in the resistant field isolates. These crosses consisted of backcrosses between parents and F 1 progeny containing the putative single gene for resistance or between F 1 progeny with the putative resistance gene. It was predicted that if the same single gene for resistance were present in all parental isolates then no sensitive strains would be generated in the progeny because the parental Prc-R genes would be allelic. This would be in contrast to the predicted results for a polygenic resistance model in which sensitive strains among the recombinant progeny would be expected because the parental mutations would occur at different loci (21) . Furthermore, if additional genetic components for resistance were present in field isolates PR1 (Prc-MR) and 11-3-18 (Prc-HR) then backcrosses with these isolates might yield a progeny set for which the IG 50 s were in a wider range than those observed for progeny of crosses between F 1 progeny with only the putative resistance gene. A final cross was set up between PR11 (Prc-LR) and C69 (Prc-LR; progeny from a cross involving 11-3-18) to determine whether resistance was conferred by a gene at the same locus, i.e., whether resistance genes were allelic in isolates from different sources.
Inheritance of prochloraz resistance in backcrosses and F 1 progeny crosses. Analyses were possible in those matings that produced fertile apothecia. A backcross between parental strain PR11 (Prc-LR) and F 1 progeny A51 (Prc-LR) yielded a progeny set with a unimodal distribution with no sensitive progeny detected ( Fig. 2B; Table 2, cross D) . A backcross between parental strain PR1 (Prc-MR) and F 1 progeny B32 (Prc-LR, i.e., with the putative single major gene but lacking any additional genetic component of PR1) yielded a unimodal distribution, with no sensitive progeny detected ( Fig. 3C ; Table  2 , cross E). A similar distribution pattern was evident in the F 2 progeny arising from a sibling cross between F 1 progeny B32 and B53 (both Prc-LR), but IG 50 s for the progeny being below that for the parental strain PR1 (Prc-MR; IG 50 ϭ 1.0 mg/liter) ( Fig. 3B ; Table 2 , cross F). A backcross between parental strain 11-3-18 (Prc-HR) and F 1 progeny C39 (Prc-LR) yielded a complex distribution pattern, with a series of peaks and a relatively high value of skew, but, importantly, no sensitive progeny were detected ( Fig. 4B; Table 2 , cross G). In contrast, a sibling cross between F 1 progeny C39 and C99 (both Prc-LR, lacking the putative additional genetic components of 11-3-18) yielded a near unimodal distribution pattern with a low value of skew, with no sensitive phenotypes detected, and IG 50 s for the progeny were below that observed for 11-3-18 ( Fig. 4C ; Table 2 , cross H). In addition, a cross was set up between parental isolate PR11 (Prc-LR) and F 1 progeny C69 (Prc-LR; containing the putative single major gene for resistance from 11-3-18 but no additional genetic component) to test whether the same genetic locus coded for resistance despite the fact that PR11 (Prc-LR) and 11-3-18 (Prc-HR) originated from different continents. The resulting progeny showed a unimodal pattern of distribution, with no sensitive progeny detected ( Fig.  2C ; Table 2 , cross I). Finally, the IG 50 s for a progeny set from a control cross between the sensitive parental strains 22-432 and 22-433 (both Prc-S) (13) were determined to ensure that no resistance to prochloraz arose as a result of the sexual cycle. All progeny were found to be prochloraz sensitive (Table 2 , cross J).
DISCUSSION
The question of how many genes are involved in the control of resistance to DMI fungicides has proved controversial (28). Early reports, based mainly on the use of laboratory mutants, suggested that resistance had a polygenic basis, with a complex heritable pattern involving additive genetic factors (10, 35) . However, later studies involving isolates derived from field locations indicated that resistance was largely controlled by single major genes (4, 5, 34, 40) . The present study used sexual crosses to investigate the genetic control of resistance to the DMI fungicide prochloraz in field isolates of the cereal eyespot pathogen T. yallundae. This represents the first such genetic analysis of resistance to prochloraz because other species in which resistance has been reported (Trichoderma harzianum, Rhizoctonia solani, and Colletotrichum coffeanum) lack amenable sexual stages (17, 25, 33) .
Three crosses were made between prochloraz-sensitive par- (7, 18) . This was substantiated by the use of three backcrosses and two crosses between sibling F 1 progeny with the putative single resistance gene. The resulting progeny all exhibited a range of IG 50 s similar to that of the parents, with no evidence of recombinant sensitive progeny which might be expected if resistance were polygenically based (see reference 22) . Analysis of a control cross between the two sensitive parental strains failed to detect any progeny with increased levels of resistance to prochloraz. Having established that resistance was primarily monogenic in nature, the related question of whether a single gene at the same locus conferred resistance in all three crosses, i.e., whether the resistance genes were allelic, arose. A further cross was therefore made between the French field isolate PR11 (Prc-LR) and an F 1 progeny (C69 [Prc-LR]) of the New Zealand field isolate 11-3-18 (Prc-HR) selected to contain the putative single gene for resistance. This also yielded progeny which were entirely prochloraz resistant. This suggested that resistance was conferred by a gene at the same locus (or a closely linked locus) despite the geographic separation, since sensitive isolates would have been detected if the mutations were in different loci (39) . It was not possible to cross PR11 and PR1 directly, as these were of the same mating type. Therefore, it is yet to be confirmed whether resistance is conferred by a gene with the same locus in PR1 (Prc-MR) as in the other two resistant field isolates. However, PR1 and PR11 were obtained from the same geographic area of northern France, so they may have been subject to similar selection pressures. Evidence for monogenic resistance to DMI fungicides has also been reported for resistance to triadimenol in Erysiphe graminis (4, 5) , triadimenol in Nectria haematococca (9, 24) , ketoconazole in Neurospora crassa (39) , and fenarimol in Venturia inaequalis (40) . This contrasts with reports of resistance to the fungicides imazalil in Aspergillus nidulans, fenarimol in N. haematococca (24) , triadimenol in E. graminis (22) , propiconazole in Pyrenophora teres (34) , and triadimefon in Ustilago maydis (41) , in which DMI resistance was polygenic in nature.
Although the segregation patterns for T. yallundae clearly indicated the presence of a single, major gene for resistance, there was also evidence for additional genetic components in field isolates PR1 (Prc-MR; IG 50 ϭ 1.0 mg/liter) and 11-3-18 (Prc-HR; IG 50 ϭ 2.4 mg/liter), which might explain the increased IG 50 s relative to that for PR11 (Prc-LR; IG 50 ϭ 0.5 mg/ liter). Crosses between sensitive isolates and PR1 (Prc-HR) and 11-3-18 (Prc-HR) produced a peak IG 50 for resistant progeny of approximately 0.5 mg/liter (Fig. 3A and 4A ), corresponding to the single gene for low-level resistance of PR11 (Prc-LR). When crosses were made between F 1 progeny for which the IG 50 was in this range, the IG 50 s for the resulting F 2 progeny also corresponded to the presence of the single lowlevel resistance gene, with a low value of skew in the progeny distribution ( Fig. 3B and 4C ; Table 2 ). However, when the same F 1 progeny were backcrossed to PR1 (Prc-MR) or 11-3-18 (Prc-HR), a much longer tail was present in the progeny distribution, with a higher value of skew, indicating the presence of additional genetic components in the most resistant isolates ( Fig. 3C and 4B ; Table 2 ). These additional genetic components appeared to confer increased resistance to prochloraz, but an increase in IG 50 only occurred if the single major gene for resistance was already present, i.e., the presence of these extra genetic components alone would not result in increased fungicide resistance. Similar results were obtained in an analysis of the inheritance of triadimenol resistance in six crosses of Pyrenophora teres, with evidence of one major segregating gene for resistance but with the presence of an extra 6 to 12 minor genes able to influence the resistance phenotype (34) . Parasexual analysis has also indicated the presence of both major and minor genes for resistance to triadimenol in a Tapesia sp. (20) , while varying levels of resistance to imazalil may be conferred by different genetic mechanisms in Penicillium italicum (19) . This polygenic component may explain the directional, rather than disruptive, selection seen for DMI resistance in laboratory mutants of a Tapesia sp. (23) . It is noted that for 4% of the progeny resulting from the 11-3-18 (Prc-HR) backcross, the IG 50 was increased twofold over that observed for the resistant parent. A marked increase in resistance to DMI fungicides as a result of recombination during the sexual cycle has also been reported for P. teres and other crosses of T. yallundae (6, 31) , emphasizing the possible importance of sexual reproduction in the field in the evolution of fungicide resistance.
A striking contrast was apparent in the levels of resistance conferred by the gene(s) for resistance to prochloraz and those conferred by the gene involved with resistance to the benzimidazole fungicide benomyl in T. yallundae. Resistance to benomyl is associated with single nucleotide mutations within the beta-tubulin gene (1), and resistance is inherited in a monogenic nature as reported for other pathogenic fungi (16, 36; P. Nicholson, unpublished data). Resistance to benomyl permits growth on media amended with very high levels of fungicide, whereas the growth of even the most prochloraz-resistant parent was inhibited at far lower concentrations of fungicide. This may be related to the mechanism of prochloraz resistance, which may involve decreased affinity of the target enzyme, detoxification, and/or increased efflux of fungicide through the action of ABC transporters (11, 12, 25, 28) . The fact that even resistant isolates were affected by prochloraz may explain why there is no conclusive evidence that their presence leads to a lack of field performance by prochloraz (3) . Studies are now in progress to clone genes conferring prochloraz resistance in T. yallundae in an attempt to determine the molecular genetic basis of resistance.
